Stem cell self-renewal implies proliferation under continued maintenance of multipotency. Small changes in numbers of stem cells may lead to large differences in differentiated cell numbers, resulting in significant physiological consequences. Proliferation is typically regulated in the G1 phase, which is associated with differentiation and cell cycle arrest 1 . However, embryonic stem (ES) cells may lack a G1 checkpoint 2, 3 . Regulation of proliferation in the 'DNA damage' S/G2 cell cycle checkpoint pathway is known for its role in the maintenance of chromatin structural integrity 4 . Here we show that autocrine/paracrine c-aminobutyric acid (GABA) signalling by means of GABA A receptors negatively controls ES cell and peripheral neural crest stem (NCS) cell proliferation, preimplantation embryonic growth and proliferation in the boundary-cap stem cell niche, resulting in an attenuation of neuronal progenies from this stem cell niche. Activation of GABA A receptors leads to hyperpolarization, increased cell volume and accumulation of stem cells in S phase, thereby causing a rapid decrease in cell proliferation. GABA A receptors signal through S-phase checkpoint kinases of the phosphatidylinositol-3-OH kinase-related kinase family and the histone variant H2AX. This signalling pathway critically regulates proliferation independently of differentiation, apoptosis and overt damage to DNA. These results indicate the presence of a fundamentally different mechanism of proliferation control in these stem cells, in comparison with most somatic cells, involving proteins in the DNA damage checkpoint pathway.
Expression of subunits consistent with functional GABA A receptors (GABA A Rs) was found in both ES cells positive for stage-specific embryonic antigen 1 (SSEA-1) and NCS cells derived from the boundary cap (BC) 5 ( Fig. 1a and Supplementary Fig. 1 ) with a common and possibly critical expression of the b3 subunit. GABA or the GABA A R-specific agonist muscimol evoked an outward current in whole-cell voltage-clamp recordings of ES cells held at 260 mV (n 5 15) and the amplitude was decreased significantly by the GABA A R-specific antagonist bicuculline (Fig. 1b and Supplementary Fig. 2a) . With the use of the perforated-patch technique the resting membrane potential of ES cells was estimated as 226.05 6 1.93 mV (n 5 20; mean 6 s.e.m.). The GABA reversal potential calculated by measuring the amplitude of the induced current at different holding potentials showed a linear relationship that reversed at 278 mV (n 5 11) (Fig. 1c and Supplementary Fig. 2b ). The patch clamp data were independently confirmed by using a voltage-sensitive dye, bis-(1,3-dibutylbarbituric acid)trimethine oxonol (DiBAC 4 (3)), in ES and NCS cells (Supplementary Figs 2c, d and 3a). Ca 21 transients were not detected in NCS cells in response to GABA A R activation ( Supplementary Fig. 3b ). Taken together, these data show that ES and NCS cells possess functional GABA A Rs that induce a hyperpolarizing current by means of an influx of Cl
Next we examined the significance of GABA A R activation in stem cell proliferation. The rate of mitotic events was determined by exploiting the tight adhesion that occurs between daughter ES cells after mitosis, resulting in cell doublets that are identified by flow cytometry forward scattering (FSC) 2 h after dissociation (Fig. 1f) . Muscimol decreased cell number (Fig. 1d ,e) and mitotic events (Fig. 1f, g ) in ES cell cultures and potently blocked the proliferation of NCS cells in a reversible manner ( Fig. 1h and Supplementary  Fig. 3c ). The percentage of multipotent SSEA-1 1 ES cells and multipotency of NCS cells was unaffected, as were colony morphology and activity and the levels of markers for survival, death or differentiation in response to the agonist ( Supplementary Fig. 4 ). The effect of muscimol seemed to be inversely proportional to cell numbers, because high-density cultures of both cell types showed a lower response. The density dependence of responses to the agonist suggested endogenous signalling. Expression analyses of components necessary for the production and release of GABA in ES and NCS cells showed their presence in both cell types (Fig. 1a and Supplementary Figs 1, 5 and 6); vesicular GABA transporter was localized in subcellular puncta ( Fig. 2a and Supplementary Fig. 5 ). Differentiating ES cells (namely SSEA-1 2 cells) rapidly lost expression of these markers, indicating that endogenous GABA signalling may be specific to stem cell populations ( Supplementary Fig. 6 ). Inhibition of endogenous signalling with bicuculline in high-density ES cell cultures significantly increased cell numbers (Fig. 2b ) and led to a marked increase in incorporation of bromodeoxyuridine (BrdU) into NCS cells (Fig. 2c, d) . Suppression of GABA A R b3 expression by RNA interference (RNAi; Supplementary Fig. 1i ) led to an increase in ES cells without affecting colony morphology (Fig. 2e, f) and increased mitotic events in the 2 h cell doublet assay (Fig. 2g) . These data indicate that endogenously synthesized GABA functions in an autocrine/paracrine manner in stem cells.
Consistent with unaffected cell cycle regulation at the G1-S transition ( Supplementary Fig. 7a ), the rapid effects of muscimol (Fig. 1f, g ) suggested a mechanism acting within 2 h of mitosis; that is, in late S, G2 or M phase. BrdU incorporation during 1.5 h of muscimol stimulation showed a rapid threefold decrease in DNA synthesis (Fig. 2h) . Cell cycle distribution analysis by flow cytometry revealed an accumulation or decrease in ES cells in S phase after 6 h of activation or inhibition of the receptor, respectively (Fig. 2i, j) ; this was not observed in differentiated ES cells (Supplementary Fig. 6u ). ES cells responded immediately to muscimol by decreasing FSC (Fig. 1i , j) which correlates with osmotic swelling 6 . Thus, an influx of Cl 2 ions leads to a rapid increase in cell size followed by a control of proliferation by regulating cell cycle progression in S phase. ES cells within colonies responded synchronously to muscimol and showed dye coupling ( Fig. 3c ; n 5 6). This suggests an electrochemical coupling that may allow hyperpolarizing currents to spread to neighbouring ES cells via gap junctions, coordinating the S-phase checkpoint pathway within a colony.
We analysed active phosphorylated histone H2AX (c-H2AX), which is a critical factor of the S/G2 DNA-damage checkpoint complex 7 , after exposing ES and NCS cells to muscimol. Muscimol rapidly increased c-H2AX levels in nuclear foci of ES cells (Fig. 3a, b, d) which could be inhibited by antagonist (Fig. 3d) . A significant increase in c-H2AX was seen also in NCS cells ( Fig. 3d ). DNA tail comet assays revealed no overt DNA damage after 2 h of muscimol treatment (Fig. 3e, f) . H2AX is phosphorylated by the phosphatidylinositol-3-OH kinase-related kinase (PIKK) family of kinases, including ataxia telangiectasia mutated (ATM), ataxia telangiectasia, Rad3-related (ATR) and DNA protein kinase (DNA-PK) 4 . In ES cells, short interfering RNA (siRNA) against ATR abolished the cell cycle distribution response to muscimol (Fig. 3g) . ATR activates ATM in response to replication fork stalling 8 ; we therefore analysed activated phosphorylated ATM (P-ATM). P-ATM was increased and decreased by muscimol and b3 siRNA, respectively (Fig. 3h, i) . Furthermore, an ATM/DNA-PK inhibitor that blocked the phosphorylation and activity of ATM ( Supplementary Fig. 7c, d ) decreased c-H2AX levels (Fig. 3d ) and brought about a marked decrease in cells in S phase (Fig. 3j) . The inability of the inhibitor to block all c-H2AX (Fig. 3d) suggests a residual ATM/DNA-PKindependent component of H2AX activation, presumably by ATR. These results show that the PIKK family of kinases mediates GABA A R activation of H2AX in the absence of overt DNA damage.
The effect of GABA on cell proliferation was critically dependent on H2AX, because transfection of ES and NCS cells with siRNA against H2AX resulted in an increase in cell numbers that was not additive when both H2AX and GABA A R expression were decreased (Fig. 3k) , and H2AX RNAi eliminated the effect of muscimol in NCS cells (Supplementary Fig. 3e ) and ES cells in the 2-h cell doublet assay (Fig. 3l) . Muscimol-induced c-H2AX was consistently decreased in ES cells treated with b3 siRNA (Supplementary Fig. 7f ). ES cell cycle distribution analysis revealed a marked decrease in cells in S phase with siRNAs ( Fig. 3m and Supplementary Fig. 7b ), similar to that with the ATM/DNA-PK inhibitor. This could be caused either by an increase in the time spent in other cell cycle phases or by an increased rate of progression of cells through S phase. b3, H2AX RNAi and ATM/DNA-PK inhibitor all markedly increased BrdU incorporation and decreased the proportion of cells at any given point in S phase (Fig. 3n, o) , reflecting an increased rate of progression through S phase.
Next we addressed whether GABA A R activation controlled proliferation in the preimplantation embryo from which the ES cells were derived. Blastocysts responded rapidly to muscimol ex vivo by decreasing DiBAC 4 (3) fluorescence, which is consistent with hyperpolarization (Fig. 4a) . In vivo, muscimol caused a marked decrease in BrdU incorporation in blastocysts (Fig. 4b) . To investigate the physiological role of this during early development, GABA A R b3 subunit siRNA was injected into the cytoplasm of mouse zygotes, which developed into blastocysts in vivo. Blastocyst-stage embryos exposed to b3 siRNA developed faster than controls and contained smaller cells and a larger blastocoel (Fig. 4c, d ). These results show that proliferation and growth of the preimplantation embryo is regulated by GABA A R signalling, similarly to ES cells. NCS cells are derived from the BC stem cell niche located at the border between the peripheral nervous system and the central nervous system 5, 9 and produce peripheral sensory neurons and glia 10 . To test whether GABA A R activation regulates proliferation in this population in vivo, bicuculline was administered to Krox20 eGFP/1 mice expressing the fluorophore enhanced green fluorescent protein (EGFP) specifically in BC cells at embryonic day 11 (E11) (ref. 10) . Despite a high rate of proliferation, with more than 20% of the cells incorporating BrdU after a 2-h pulse, blocking endogenous GABA signalling led to a nearly twofold increase in incorporation (Fig. 4e, f) . Mice expressing a knock-in allele for the Cre recombinase in the Krox20 locus (Krox20   Cre/1   ) 11,12 crossed with a ROSA26 reporter (R26R) mouse strain permanently activating expression of the fluorophore enhanced yellow fluorescent protein (EYFP) on recombination 10, 13 was used to trace the cell lineage of BC progenies genetically. Consistent with previous findings was the observation of numerous EYFP 1 cells within the dorsal root entry zone, at motor exit points and in the dorsal root ganglion (DRG) in E14 sections at thoracic levels ( Fig. 4g ) 10 . The administration of muscimol to pregnant mice between E11 and E14 led to a marked decrease in EYFP 1 BC-derived cells (Fig. 4g, h ). These results show that GABA signalling controls the number of cells produced from the BC stem cell niche during development.
Our results (Fig. 4i, j) show that endogenously produced GABA acting through PIKK-family proteins and H2AX has the following functions: first, it regulates ES and NCS cell proliferation; second, it determines early embryo size; and third, it determines proliferation in the BC stem cell niche in vivo, resulting in direct consequences on progeny cell number. Unlike conventional G1-phase cell cycle control, which is linked to cell differentiation, this S-phase mechanism may provide a way to control proliferation independently of differentiation in the stem cells. Induction of the PIKK/H2AX pathway seems to be independent of DNA damage, in a similar manner to that previously described during sex chromosome inactivation 14 , hypoxia 15 and mitosis 16, 17 . We find it intriguing that ES and NCS cells share a similar mechanism regulating their proliferation, especially in view of the reported effects of GABA on the proliferation of adult brain progenitor cells that are positive for glial fibrillary acidic protein 18 . Thus, seemingly disparate biological processes may be affected by a common mechanism of control of stem cell proliferation.
METHODS SUMMARY
The EB5 and R1 ES strains were cultured in knockout serum replacement and leukaemia inhibitory factor (LIF) or as described 19 , and NCS cells were cultured as described 5 . Antibody against SSEA-1 or c-H2AX together with secondary antibody was used for flow cytometry analysis on a FACScan instrument and cell sorting on a FACSVantage SE/FACS DiVa instrument (Becton Dickinson). Quantification was performed with CellQuest Pro software (Becton Dickinson). Immunostainings, real-time RT-PCR and biochemical analyses were performed in accordance with standard procedures. Two siRNAs (27-mers) were designed for each mRNA and transfected at 5 mM. Control siRNA was used at equimolar c, Zygote embryos microinjected with siRNA against GABA A R b3 subunit were implanted into pseudopregnant recipients and developed into morula/ blastocysts. Blue denotes blastocoel. d, Quantification of morulae and blastocysts with large or small blastocoels (P , 0.01, x 2 test). e, BrdU and Sox10 staining of Krox20 eGFP/1 mice injected with bicuculline at E11 followed by a 2-h BrdU pulse 8 h later. There are fewer BrdU 1 (arrowheads) nuclei in the control than in the bicuculline-treated sample. f, Quantification of e (one-way analysis of variance, n 5 3). g, Sections of DRG from Krox20
Cre/1 R26R-EYFP mice killed at E14 that received muscimol between E11 and E14. levels. For in vivo analyses, zygotes were injected into the cytoplasm with 10 pl of 20 mM siRNA. Picrotoxin, bicuculline and muscimol were used at 50, 20 and 100 mM, respectively, on cultured cells with controls receiving vehicle. For experiments in vivo, bicuculline or muscimol was diluted in PBS and administered intraperitoneally to pregnant females at 4 mg kg 21 ; for long-term experiments this dose was given twice a day. BrdU (50 mg kg 21 , in PBS) was administered intraperitoneally. Mice were held on a pure C57/Bl6 or mixed C57Bl6/DBA2 background 10 . ATM/DNA-PK inhibitor (Calbiochem) was used at 10 mM.
Full Methods and any associated references are available in the online version of the paper at www.nature.com/nature.
